The Top Quark Electric Dipole Moment in an MSSM 
Extension with Vector Like Multiplets 

Q) ". Tarek IbrahinJll", Pran Nathtl'' 

o: 

CN . ° Department of Physics, Faculty of Science, University of Alexandria, Alexandria, Egypt 

^' ^Department of Physics, Northeastern University, Boston, Massachusetts 02115, USA 

Abstract 

I ■ The electric dipole moment (EDM) of the top quark is calculated in a model with a vector like 

Q-i' 

D ' multiplet which mixes with the third generation in an extension of the MSSM. Such mixings 

(— I I 
i_i| allow for new CP violating phases. Including these new CP phases, the EDM of the top in 

^ , this class of models is computed. The top EDM arises from loops involving the exchange 

^ ■ of the W, the Z as well as from the exchange involving the charginos, the neutralinos, the 

^ ■ gluino, and the vector like multiplet and their superpartners. The analysis of the EDM of the 

O \ top is more complicated than for the light quarks because the mass of the external fermion, 

L^ ! in this case the top quark mass cannot be ignored relative to the masses inside the loops. A 

O . numerical analysis is presented and it is shown that the top EDM could be close to 10~^^ecm 

L| ■ consistent with the current limits on the EDM of the electron, the neutron and on atomic 

ED Ms. A top EDM of size 10"^^ecm could be accessible in collider experiments such as the 
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1 1. Introduction 

In the Standard Model the EDM of the top quark is rather small typically less than 10"'^° 
ecni[Tl [2] [J In this work we carry out an analysis similar to that of |3] (see also |1]) for the 
EDM of the top quark arising from the mixing of the third generation with a vector like 
generation (For a recent review on CP violation and on EDMs see [5]). Thus vector like 
combinations are predicted in many unified models of particle interactions [HI E] and their 
implications have been explored in many works [H |9l [TOl [HI [121 [131 [IH [HI [HI [H] . Such 
vector like combinations could lie in the TeV region and be consistent with the current pre- 
cision electroweak data. In this work we allow for the possibility that there could be a small 
mixing of these vector like combinations with the sequential generations. The implications 
of such mixings for the neutrino magnetic moment and for the anomalous magnetic moment 
of the r were investigated in[l] and for the EDM of the r and z^,- in [3]. In this analysis 
we focus on the quark sector of the vector like multiplets. To simplify the analysis, we will 
assume that the mixings of the vector like multiplets occurs only with the third generation 
since such mixings are consistent with the current experimental constraints [18]. The masses 
of the vector multiplets could lie in a large mass range, i.e., from the current lower limits 
given by the LEP experiment and by the Tevatron up to a masses lying in the several TeV 
mass range. Mixings with the vector like generations bring in new phases which are not 
constrained by the current experimental limits on the EDM of the electron, of the neutron 
and of atomic EDMs. Further details of the vector like models can be found in |1] and in 
the other references mentioned therein and above. 

If vector like multiplets exist and mix with the third generation, they can affect the CP 
phenomena in the third generation because of the new sources of CP violation arising from 
mixing with the new sector. The top physics is of course a well known laboratory for the 
study of CP violating phenomenona ** [HI [201 [lH [221 [231 [2l].** Specifically the sensitiv- 
ity of these phenomena to the top EDM has been investigated in a variety of theoretical 
models [21 [251 [SSI [271 1211 [29]. Further, a number of analyses show that in e^e~ — )■ ti and in 
77 — )■ ti processes the EDM of the top can be measured with great sensitivity [301 [SD [221 [22] , 
i.e., with sensitivity up to 10~^^ec??7, or even better. With this in mind we investigate here 
the top EDM in an extension of the MSSM with vector like multiplets. A mixing of the 



^Thc analysis of [T] gives the EDM of the electron while the EDM of the top is obtained by scaling the 
electron EDM as pointed out by Soni and Xu in |2]. 



vector like inultiplet with the sequential generations and specifically the third generation 
bring in new sources of CP violation which contribute to the top EDM and can generate a 
top EDM as large as 10~^^ecm well within reach of the sensitivity of the collider experiments. 

The outline of the rest of the paper is as follows: In Sec. (2) we give an analysis of the 
EDM of the top allowing for mixing between the vector like combination and the third 
generation quarks. The EDM of the top arises from loops involving the exchange of the W, 
of the Z as well as from exchanges involving the charginos, the neutralinos, the gluino as 
well as exchanges involving the vector like multiplets and their superpartners. We note that 
the analysis of the top EDM is more complicated relative to EDM of the light quarks and 
of the light leptons (see e.g., [33]) because we cannot ignore the mass of the external fermion 
(i.e., of the top quark in this case) compared to the masses that run inside the loops. So the 
form factors that enter the analysis of the top EDM are more complicated relative to the 
form factors that enter the EDM of the light quarks, since for the case of the top the loop 
integrals are functions of more than just one mass ratio. A numerical analysis of the size of 
the EDM of the top is given in Sec. (3). In this section we also display the dependence of the 
top EMD on the phases and mixings. Conclusions are given in Sec. (4). Deductions of the 
mass matrices used in Sec. (2) are given in the Appendix. 

2 Electric dipole moment of the top quark 

The first and second loops of Fig.([T]) produce EDM of the top quark through the interaction 
of the W boson with the top and bottom quarks and the vector multiplet quarks. The 
relevant part of Lagrangian that generates this contribution is given by 

Ccc = -jrf^t E E hl^\^tiP\uPL + Dt^p\^J>n\h, + R.c. (1) 

where z,j run over the set of quarks and mirror quarks including those from the third 
generation and from the vector multiplet, ti is the physical top quark, and Dl ^ are the 
diagonalizing matrices defined in the Appendix. These matrices contain phases, and these 
phases generate the EDM of the top quark. Using the above interaction, we get from first 
and second loops of Fig. ([1]) , the contribution 
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Here Vf is given 

and /i, 2(^1, ^2) are given by 



levr^M^^"'"' "^^^'^^^^M^'M^, 



rf = ^^D'li,Dl,,D'^,,D%,, (3) 



(4 + ri — r2)x — 4:X^ 



Ii{ri,r2) = dx- 

Jq 1 + (ri - r2 - l)x + r2X'^ 

Jo 1 + [jx -r-2- l)x + r2X^ 

While our analysis is quite general we will limit ourselves for simplicity to the case where 
there is mixing between the third generation and the mirror part of the vector multiplet. 
The inclusion of the non-mirror part is essentially trivial as it corresponds to an extension 
of the CKM matrix from a3x3toa4x4 matrix in the standard model sector and similar 
straightforward extensions in the supersymmetric sector. In the rest of the analysis we will 
focus just on the mixings with the mirrors which is rather non-trivial. In fact we work out, 
we believe, for the first time the interactions of the quarks-mirrors with the charginos, neu- 
tralinos and gluinos which are then utilized in the analysis of Figs. (2). 

Next we consider the third loop of Fig.(Il]) which produces the EDM of the top quark 
through the interaction with the Z boson. The relevant part of Lagrangian that generates 
this contribution is given by 

2 2 

CnC = -Z^.Y.H tj^^[SLj:PL + SR,iPR]ti, (5) 



i=l j=l 



where 



D COS Uyy •' J J 

SRJ^ = -^p^[-3D^*2,/^k + 4sin2 ewiD'^,,D'j,,^ + /^^%/^k)]- (6) 

D COS Uw J J 

Using the above interaction, we get from third loop of Fig.([T]), the contribution 

Z j=]_ z z 



The first and the second loops of Fig. ([2]), produce EDM of the top through the interaction 
with the charginos. The relevant part of Lagrangian that generates this contribution is given 
by 

2 2 4 

- £,_^„^+ =Y.J2Y1 ^k[TLk,^PL + TRkJ^PR]X'^k + H .C. (8) 

fc=l i=l j=l 

where 

TRkJ^ = g[UaDi\,D',^ - D%,^,U.2D% - D%,ktU,2DI,], (9) 

where D^ is the diagonalizing matrix of the scalar 4x4 mass matrices for the scalar quarks as 
defined in the Appendix. These elements contain CP violating phases too and can contribute 
to the EDM of the top. The couplings Hf are defined as 

y2Mw cos p y2Mw sm p 

Here U and V are the matrices that diagonalize the chargino mass matrix Mc so that 

WMcV-^ = diagim±^,m±J. (11) 

Using the above interaction, we get from the first and the second loops of Fig. (j2]) the con- 
tributions 
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where /3,4(ri,r2) are given by 



h{ri,r2) = / dx- 



1 2 

X — X 



(ri — r2 — l)x + r2x' 



2' 



^ x^ 



h{ri,r2) = / dx—— — ■ -. (13) 



1 + (ri - r2 - l)x + r2x2 



We note that the limits of Isiri, r2) and I^i^ri, r2) for r2 ~ are the well known form factors 
B{ri) and —A{ri) in the case of light leptons and quarks [33j . 



The third loop of Fig. ([2]) produces EDM of the top through the interaction of the neu- 
trahnos. The relevant part of Lagrangian that generates this contribution is given by 

4 4 2 
- C^_i_^. =Y.Y.Y1 ^ACLJk^PL + CR^kiPR]x\ik + H.C., (14) 

fc=l j=l j=l 
where 

Cr,,, = V2[f^uDi\jD\, - 5uDi\^Dl, + aT.D%^D\u - lT^D%fi\,] . (15) 

The matrix D* is the diagonalizing matrix of the 4x4 stop mixed with scalar mirrors mass^ 
matrix as shown in the Appendix. The couplings that enter the above equations are given 
by 



^™ y sm p 3 -^ cos Uw 2 3 
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where 



X(^- = {Xij cos ^vi/ + -^^2^ sin 9w), X^j = {-Xij sin 9w + X2J cos 9w), (18) 

and where the matrix X diagonlizes the neutralino mass matrix so that 

X'^My^oX = diag{m^o_^,m^o^,m^o^,m^oJ. (19) 

Using the above interaction, we get from the third loop of Fig. ([2]) the neutralino contributions 
to the top EDM to be 

dr-'\x') =^,i:t: ^irnic,,,.c*,,,M^. 4). (20) 

247r^ -^^ -^^ mf- ml:- rnf- 

i=l fc=l ffc tk i-k 



Finally the gluino contribution to the electric dipole moment of the top comes from the 
fourth loop of Fig. 02]). The relevant part of Lagrangian that generates this contribution is 
given by 

8 3 2 4 

- At§ = v^^^ E E E E T^AlKL^rr^PL + Kn^PnYgJl + H.c. (21) 

a=l j,k=l n=l m=l 

where 

KR^r. = e'^-^"[D%^D{^ - D^^DlJ, (22) 

where ^3 is the phase of the gluino mass. The above Lagrangian gives a contribution 

2(/o.H.) ^ ^ ^ ^/^(K,^^.i^* J/3(4, ^). (23) 

97r^ ^-^ mf ■' ^^ mf mf 

3 Numerical Analysis 

The mixing matrices between the quarks and the mirrors are diagonalized using bi-unitary 
matrices (see the Appendix). So we parametrize the mixing between t and T by the angles 
^L) ^Rj Xl and xr^ a^id the mixing between b and B by the angle (J)l, (J)r, ^l and ^r where 

r)t ^ f cos 6l -sm9Le~'^^ \ p,b ^ f cos0l -siiKpLe''^^ \ . . 

^ ysinOLe'^^ cos^l J^ ^ V sinc^^e^^^ cos(/)l J' ^ ' 

and Dj^ and D^ can be gotten from D\^ and D^ by the following substitution: D\^ — )■ 
DJi,OL -^ Or, XL -^ Xb., and D^ -^ D^^Al -^ (j^R^ih -^ ^r- We note that the phases xl,r 
arise from the couplings /13 and h^ while the phases ^^^ij arise from the couplings /14 and /13 
through the relations 

Xr = arg{-mths + "^t^^s)' Xl = arg{mthl - mrhs), 

^R = arg{mhh3 + niBhl), ^l = arg{mbhl + 711,5/13). (25) 

For the case of top and bottom masses arising from hermitian matrices, i.e., when h^ = —h^ 
and /14 = /ig we have 9^ = 9r, (pi = 0/?, Xl = Xr = X and ^l = ^r. = C Further, here we 
have the relation ^ = x + tt and thus the W-exchange and Z-exchange terms in the EDM 
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for the top vanish. However, more generally the top and the bottom mass matrices are 
not hermitian and they generate non-vanishing contributions to the EDMs. Thus the input 
parameters for this sector of the parameter space are ma, rriT, h^ih^-, fnbii^^B-, ^4 with /13, h^ 
and ^5 being complex masses with the corresponding CP violating phases ^3, Xi and X5- 
For the sbottom and stop mass^ matrices we need the extra input parameters of the susy 
breaking sector, M^, Mb, Mb, Mq, Mt, Mt, A^, At, At, Ab, /i, tan/3. The chargino, neutralino 
and gluino sectors need the extra parameters rhi,m2 and rrig. We will assume that the only 
parameters that have phases in the above set are Aj-, Ab, At and Ah with the corresponding 
phases given by ar, cxb, ctt and at- 

To simplify the analysis further we set some of the phases to zero, i.e., specifically we set 
c^t = C(b = 0. With this in mind the only contributions to the EDM of the top quark arises 
from mixing terms between the scalars and the mirror scalars, between the fermions - and 
the mirror fermions and finally among the mirror scalars themselves. Thus in the absence 
of the mirror part of the lagrangian, the top EDM vanishes and so we can isolate the role of 
the CP violating phases in this sector and see the size of its contribution. The 4x4 mass^ 
matrices of stops and sbottoms are diagonlized numerically. Thus the CP violating phases 
that would play a role in this analysis are 

X3,X4,X5,aT,as- (26) 

To reduce the number of input parameters we assume Ma = mo, a = q, B,b,Q,T,t and 
\Ai\ = \Aq\, i = T, B, t, b. In the left panel of Fig([3]), we give a numerical analysis of the top 
EDM and discuss its variation with the phase X3. We note that ^3 enters D*, D'^, D* and 
D^ and as a consequences all diagrams in Fig.(l) and in Fig. (2) that contribute to the top 
EDM have a xs dependence. 

Further, the various diagrams that contribute to the top EDM may add constructively 
or destructively as shown in the Z, W, neutralino and chargino contributions. In the case of 
destructive interference, we have large cancellations reminiscent of the cancellation mecha- 
nism for the EDM of the electron and for the neutron [Mf 135] . Of course the desirable larger 
contributions for the top EDM occur away from the cancellation regions. In the right panel 
of Fig(l3]), we study the variation of the different components of dt as the magnitude of the 
phase X4 varies. The sparticle masses and couplings in the bottom sector and thus the top 



EDM arising from the exchange of the W and the charginos are sensitive to Xa and thus only 
these two contributions to the top EDM have dependence on this parameter. 

The left panel of Fig(jl]) exhibits the variation of the different components of dt on the 
phase ct-r- We observe that the components that vary with this phase are the neutralino 
and the gluino contributions while the W, Z and chargino contributions have no dependence 
on this phase. The reason for the above is that ot enters the scalar top mass^ matrix and 
the EDM arising from W, Z and chargino exchanges are independent of -D*. However, the 
neutralino and the gluino contributions are affected by it. It is clear that we see here too the 
cancellation mechanism working since the components are close to each other with different 
signs, so we have the possibility of a destructive cancellation. In the right panel of Fig(jl]), we 
study the variation of the different components of dt as the phase as changes. We note that 
the only component that varies with this phase is the chargino component. This is expected 
since as enters the scalar bottom mass^ matrix and the chargino contribution to the EDM 
is controlled by D^ which depends on as while the other contributions are independent of 
this phase. In FigQ we study the variation of the different components of dt as the phase 
X5 changes. This phase enters the top quark mass matrix and the scalar top mass^ matrix 
and consequently the matrices D\^ j^ and -D*. Thus the contributions to the EDM of the top 
arising from the W, Z, neutralino, chargino and gluino exchanges all have a dependence on 
Xs as exhibited in FigQ. 

As mentioned in the introduction the top EDM can be explored in the e"'"e~ — )■ ti and 
77 — )■ ti processes [30l [3T], [32l [22]. Specifically, it is demonstrated that at a linear e~^e~ 
collider (such as the ILC), one can explore the top EDM at the level of 10~^^ — lO^^^ecm 
Q Thus the top EDM predicted in the model with extra vector multiplets falls within the 
realm of exploration in future collider experiments. In Table (1) we give a sample exhibition 
of the size and the sign of every component to the top quark EDM. The analysis of Table (1) 
and of Fig.(|3]), Fig.(jl]) and Fig. ([5]) show that a top EDM as large 10~^^ecm can be gotten 
which falls within reach of the experiments at the ILC. It would be interesting to explore 
also the sensitivity of the LHC experiments to the top EDM. Finally we note that models 
of the type discussed here can produce interesting signatures at the LHC some of which are 



^Thc analysis of [22] indicates that an e+e collider at \/s = 500 GeV with 10 fb ^ of integrated luminosity 
will be sensitive to the t — Z electric dipole moment up to 8 x lO'^^ecm. 



discussed m|l] and 



Table 1: W~^, Z, x+, x^^ 9 exchange contributions to the top EDM dt 



Xsirad) 


dt{W)e.cm 


dt{Z)e.cm 


dt{x^)^-CTn 


dt{x^)e.cm 


dt{g)e.cm 


0.0 


4.73 X 10^21 


-5.94 X 10-21 


-7.04 X 10-20 


-2.85 X 10-22 


2.98 X 10-19 


0.5 


-7.11 X 10-21 


4.84 X 10-22 


1.02 X 10-19 


-1.21 X 10-20 


3.08 X 10-19 


1.0 


-1.69 X 10-20 


6.38 X 10-21 


2.36 X 10-19 


-2.12 X 10-20 


3.11 X 10-19 


1.5 


-2.19 X 10-20 


1.03 X 10-20 


2.98 X 10-19 


-2.53 X 10-20 


3.07 X 10-19 


2.0 


-2.13 X 10-20 


1.16 X 10-20 


2.87 X 10-19 


-2.37 X 10-20 


2.96 X 10-19 



Table caption: A sample illustration of the various contributions to the electric dipole mo- 
ment of the top quark. The inputs are: tan/3 = 10, m^ = 300, {h^l =80, {h^l =70, m^ =150, 
l/isi =90, mo =100, l^ol =150, mi = 50, ms = 100, /i = 150, rhg = 400, X4 =0.7, Xs = -0.6, 
ttr =0.7, and as =0.1. All masses are in units of GeV and all angles are in radian. 

4 Conclusion 

As is well known EDMs are probes of new physics beyond the Standard Model. In this 
paper we have given an analysis of the EDM of the top quark in an extended MSSM model 
which includes an extra vector like multiplet containing quarks and mirror quarks and their 
superpartners which can mix with the third generation. A small mixings of this type is 
not excluded by experiment for the third generation. Such mixings bring in new sources of 
CP violation which do not enter in the analysis of the EDMs of the first two generations. 
Thus these phases are typically unconstrained and can be large. The relevent parts of the 
MSSM Lagrangian interactions involving mirror quarks, charginos, neutralinos and gluinos 
have been worked out, we believe, for the first time in this analysis. The EDM of the top in 
computed using these interactions. The analysis has many one loop diagrams involving the 
exchange of the W, the Z as shown in Fig.(l), and also from loops involving the exchange 
of the charginos, the neutralinos, the gluino as shown in Fig. (2), each involving also the 
exchange of vector multiplets in the loops. It is found that the analysis of the top EDM is 
more involved in this case as compared to the analysis for the light quarks or for the leptons. 
This is so because the mass of the external fermion cannot be ignored relative to the mass 
of the exchanged particles in this case, as their masses are comparable. Because of this, the 
loop integrals in this case are functions of more than just one mass ratio. Finally, we have 
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carried out a numerical analysis of the top EDM in this model. The analysis shows that 
with large CP phases arising from the new sector the top EDM can be as large as 10~^^ecm 
which can be probed in processes such as e~^e" — > ti and 77 — )■ ti in collider experiments. 
It should be interesting to also analyse the sensitivity that the LHC can achieve for the top 
EDM. Finally, we note that the contributions of the chromoelectric dipole moment and of 
the purely gluonic dimension six operator were not considered in the current work. These 
contributions entail computations of a new set of diagrams involving external gluon vertices 
and require a separate analysis. However, we expect these contributions to be of similar size 
as the one computed here. 

Acknowledgments: This research is supported in part by NSF grant PHY-0757959 and by 
PHY-0704067. 

5 Appendix: Mass matrices for quarks and squarks 
and for their mirrors 

In this Appendix we exhibit the mass matrices for the top quarks, the bottom quarks, the 
scalar quarks and their mirrors that enter in the computations of the EDM of the top. In 
the deduction of the mass matrices we need the transformation properties of the quarks and 
their mirrors. Thus under SU{3)c x SU{2)l x U{1)y the quarks transform as follows 

g^f^,^V(3,2,^),t2~(3M,-^),bi~(3M,l), (27) 



while the mirror quarks transform as 

Q^= (^^1^ ~ (3*, 2, -i),Tz.~ (3,1,^), i?z.~(3M,-i). (28) 

For the Higgs multiplets we have the MSSM Higgs doublets with the SU{3)c x SU{2)l x 
U{1)y transformation properties as follows 

We assume that the mirrors of the vector like generation escape acquiring mass at the 
GUT scale and remain light down to the electroweak scale where the superpotential of the 
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model for the quark part may be written in the form 

W = e,,[hHlqibl + KHiqlil + h^HlQ^'TL + h'^Q^Bi] 

+/i3Q,Q"gi + h.hlBL + h^ilTL. (30) 

Mixings of the above type can arise via non-renormahzable interactions [7]. To get the 
mass matrices of the quarks and of the mirror quarks we replace the superfields in the 
superpotential by their component scalar fields. The relevant parts in the superpotential 
that produce the quark and mirror quark mass matrices are 

+ h3B*J)L - hf*^iL + hJ)*j,BL + hi*jifL. (31) 

The mass terms for the quarks and their mirrors arise from the part of the lagrangian 

1 d'^W 

where i/j and A stand for generic two-component fermion and scalar fields. After spontaneous 
breaking of the electroweak symmetry, (< Hi >= vi and < //| >= V2),we have the following 
set of mass terms written in the 4-spinor notation for the fermionic sector 

Here the mass matrices are not Hermitian and one needs to use bi-unitary transformations 
to diagonalize them. Thus we write the linear transformations 



such that 



-)6t / hiVi hi \ ^ 



^^ V /i3 h'v2 ] ^L = diag{mb„mb^), (34) 



and the same holds for the top mass matrix so that 



^2 f _l;^^\^l^ ] Di = diag{mt„mt^). (35) 

Here bi, 62 are the mass eigenstates and we identify the bottom quark with the eigenstate 
1, i.e., b = 61, and identify 62 with a heavy mirror eigenstate with a mass in the hundreds of 
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GeV. Similarly ti,t2 are the mass eigenstates for the top quarks, where we identify ti with 
the physical top quark with the lighter mass, and ^2 with the heavier mass eigenstate. By 
multiplying Eq.f l34p by Dj] from the right and by D^ from the left and by multiplying Eq. (l35|) 
by D^ from the right and by Dj^ from the left, one can equate the values of the parameter h^ 
in both equations and we can get the following relation between the diagonalizing matrices 
D^ and D* 

mi,iD'j,,Mn + ^b2l^?j22^Li2 = -Ki^Li^in + mt2D'^,,Di\,]. (36) 

Eq. fl36l) is an important constraint relating D^ and D* which is used as a check on the 
numerical analysis. 

Next we consider the mixings of the squarks and the mirror squarks. We write the 
superpotential in terms of the scalar fields of interest as follows 

+he,jQ"qi + h^blBL + hiin. (37) 

The mass^ matrix of the squark - mirror squark comes from three sources, i.e., the F term, 
the D term, and the soft susy breaking terms. Using the above superpotential and after the 
breaking of the electroweak symmetry we get for the mass part of the lagrangian Cp and C^ 
the following set of terms 

-Cf = (m| + \h\'')BRB*j, + {ml + I/isHT/jT^ + (m| + \h^\^)BLBl 

+ {ml + M^)fLfl + {ml + M^)hRh*j, + {ml + l/isHtRtl + {ml + l/igH^L^I 

+ (mj + \h^\^)tLi*i + {—m^bfi* tan/Jbi^^ — m^/i* tan/JTiT^ — m^tfi* cot /^t^t^ 

-ms^Jt* cot I3BlB*^ + {mshl + mijhi)Bj)l + (771^/14 + 'mbhl)Bjib*j^ 

+ {mth - mTh^fJl + {mrh - mth^TRfj^ + h.c.}, 



(38) 



and 



^D = \ml cos^ Ow cos2/3{tLtl - hj)l + BrB}, - T^r^} 

1 1__4__ 1~~ 

+ -m| sin^ Ow cos 2/?{--fLt2 + g^V^, " g^L^I 

-"^nfl + ^-BrBI + ir^T^ + '^-BlBI - hnh*^}. (39) 
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Next we add the general set of soft supersymmetry breaking terms to the scalar potential so 
that 

Vsoft = Mgqtql + MqQ'^Q"' + Mfil% + Mfbfbl + MIBIBl + M^TITl 
+ei,{hrA,H{~qihl - KAHiq'^il + h^ArHlQ^^TL - KAb^Q^'Bl + h.c.}. (40) 

From Cf,d and by giving the neutral Higgs their vacuum expectation values in Vsoft we 
can produce the mass^ matrix M^ for the sbottom and the mirror sbottoms in the basis 
(6l, Bl, bpt, Br). We label the matrix elements of these as {M?)ij = Mf^ where 

Ml^ = Ml + ml + |/i3r - m|cos2/?(- - - sin^ Ow), 

M22 = M% + m\ + \hi\^ + -m|cos2/3 sin^ 0w, 

MI3 = M^ + ml + \h4^ - -m|cos2/3 sin^ 0w, 

Ml^ = Ml + m\ + \hi\'^ + m|cos2/?(- - - sin^ Ow), 
MI2 = Mil = ^bK + rribh^, M^^ = Mil = mb(A* - /itan/3), 

M2, = Mil = 0, Ml, = Ml; = 0, 
MI4 = Ml; = mB{A*B - /i cot /3), Mj^ = Ml; = mBh^ + m^/i*. (41) 

Here the terms M^^, Mf,, M^^, Ml, arise from soft breaking in the sector b^, b^. Similarly 
the terms MI2, M^^, MI2, Ml^ arise from soft breaking in the sector Bi^Br. The terms 
-^12)^21' Ml,, MI2, Ml^.Ml^, Ml^,Ml,, arise from mixing between the sbottoms and the 
mirrors. We assume that all the masses are of the electroweak scale so all the terms enter in 
the mass^ matrix. We diagonalize this hermitian mass^ matrix by the unitary transformation 
D'^'^MfD^ = diaqim^ ,m? ,?7i? ,771? ). There is a similar mass^ matrix in the stop sector. In 

b _ -^ ^ &!_' 62 63 64 

the basis (^l, T^, t^j, Tr) we can write the mass^ matrix for the stops and the mirror stops in 
the form {M?)ij = ?7i?- where 

12 
ml^ = Ml + ml + |/i3p + m|cos2/3(- - - sin^ Ow), 

Zi o 

2 

m22 = M^ + m^ + \h^f — -m|cos2/3sin^ ^i^, 

2 
771,33 ~ M-l + 777.J + I/t-sP H — r?T,|cos2/3 sin^ Q-w^ 

12 

771-44 = Mq + 7TT,| + |/l3|^ - 7TT,|cOs2/3(- - - siu^ 9w), 

Zi o 
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"^12 ~ ''^21 ~ —mxh'^ + m,(/i5,m]^3 = m^l = Tnt{A^ — ^cot/3), 

"^14 = "^41 = 0, ^23 = 77132 = 0, 
77124 = 772-42 = 777^(^4^ — /itan/3), 7^34 = 77143 = TTl^^/is — 7774/13. (42) 

As in the sbottom - mirror sbottom sector here also the terms ttt.^^ , 777^3 , r77|^ , 771I3 arise 
from soft breaking in the sector ti^t^. Similarly the terms 77722,77734, 77742,77744 arise from 
soft breaking in the sector Ti^T^. The terms ml2,ml^, 77133,77132, m\^,m\i, 77134,77143, arise 
from mixing between the physical sector and the mirror sector. Again as in the sbottom- 
mirror sbottom sector we assume that all the masses are of the electroweak size so all the 
terms enter in the mass^ matrix. This mass^ matrix can be diagonalized by the unitary 
transformation D^'^M'^D^ = diag{m^ , 77z? ,777? ,777? ). The physical bottom and top states 
are b = bi,t = ti, and the states 62,^2 are heavy states with mostly mirror particle content. 
The states bi,ti] i = 1 — 4 are the sbottom and stop states and their mirrors. For the case 
of no mixing these limits are as follows: 



bi -^ bL, 62 -> Bl, bs -> bn, 64 -^ Br, 
h -^ h, k -^ Tl, h -^ in, U ^ Tr. (43) 

The couplings /13, /14 and /15 can be complex and thus the matrices D^^^ r and D\^ r will 
have complex elements that would produce electric dipole moments through their arguments 
discussed in the text of the paper. Also the trilinear couplings Aj f,,B,r could be complex and 
produce electric dipole moment through the arguments of D* and D''. We will assume for 
simplicity that this is the only part in the theory that has CP violating phases. Thus the 
/i parameter is considered real along with the other trilinear couplings in the theory. The 
above allows one to automatically satisfy the constraints from the upper limits on the EDMs 
of the electron, the neutron and of Hg and of Thallium. 
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Figure 1: One loop contribution to the top electric dipole moment from the exchange of 
the W boson, the Z boson and from the exchange of the top and from the exchange of the 
bottom quarks and their mirrors. 
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Figure 2: One loop contribution to the top electric dipole moment from the exchange of 
the charginos, the neutralinos, the gluino and from the exchange of the stops and from the 
exchange of the sbottoms and their mirrors. 
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